Abstract. Near-barrier fusion of neutron reach nuclei was studied within the semi-empirical channel coupling model of intermediate neutron rearrangement and within the time dependent threebody Schrödinger equation. A possibility of neutron transfer with positive Q-values considerably increases the barrier penetrability. A huge enhancement of deep sub-barrier fusion probability was found for light neutron reach weakly bound nuclei (such as 6 He) that may be extremely important for astrophysical primordial and supernova nucleosynthesis.
INTRODUCTION
Neutron transfer cross sections are known to be rather large at near-barrier energies of heavy-ion collisions -the result of significant extension of the wave functions of neutrons from the outward nuclear shells (we will call them "valence neutrons"). As a consequence there is a prevailing view that coupling with the transfer channels should play an important role in sub-barrier fusion of heavy nuclei. However, if an influence of collective excitations (rotation of deformed nuclei and surface vibrations) on near barrier fusion of heavy nuclei is well studied in many experiments and well understood theoretically, the role of neutron transfer is not so clear.
Such a situation can be explained by a series of difficulties. First, in the experimental study of the effect, we need to compare the fusion cross sections of different combinations of nuclei, which among other things have different collective properties, and it is not so easy to single out the role of neutron transfer from the whole effect of subbarrier fusion enhancement. Second, it is very difficult, for many reasons, to take into account explicitly the transfer channels within the consistent channel coupling approach used successfully for the description of collective excitations in the near-barrier fusion processes. As a result, we are still far from good understanding of the subject.
Some time ago Stelson et al. [1] proposed an empirical distribution of barriers technique and found that many experimental data may be well described by a flat distribution of barriers with the lower-energy cutoff, which corresponds to the energy at which the nuclei come sufficiently close together for neutrons to flow freely between the target and projectile (neck formation). There is no doubt that flow of neutron matter into or out of the region between the target and projectile regulate somehow the fusion process. However, from the recent experiments it becomes clear that the neutron excess itself does not lead to fusion enhancement. For example sub-barrier fusion probability for 48 The role of neutrons should be even more important in fusion of neutron rich weakly bound nuclei. Some model calculations predicted that the weak binding energy of the nuclei should significantly reduce the near-barrier fusion cross section [4, 5] . On the other hand, the extended "halo" structure of exotic nuclei, such as 6 He or 11 Li, may also influence the fusion probability. In Refs. [6, 7, 8] an enhancement of the fusion probability for weakly bound nuclei was found due to the excitation of a low-lying softdipole mode and the strong coupling with the breakup channels.
Experimental situation here is also quite uncertain. A significant enhancement was announced for the 6 He+ 209 Bi fusion reaction compared to the one expected according to the standard model [9, 10] . The same was also found at first for sub-barrier fusion of 6 He with 238 U as compared with fusion of 4 He [11] . However, it is rather difficult to make an unambiguous interpretation of these results. In the 4, 6 He+ 209 Bi fusion reactions the compound nuclei are produced that differ both in excitation energies and decay properties which makes it difficult to compare directly the yields of evaporation residues. In a fusion-fission reaction such as 6 He+ 238 U (with detection of fission fragments only) it is difficult to distinguish the process of complete fusion from other channels giving contribution to the total yield of the fission fragments. Finally it was concluded that the observed enhanced yield of the fission fragments in this reaction at sub-barrier energies could be attributed mainly to 2n-transfer reactions to the excited states of 240 U (with its subsequent fission) and, thus, there is no enhancement at all of the fusion probability for 6 He [12] . Thus, no matter how surprising it may seem, but until now there is no consensus (neither in theory nor in experiment) on the extent to which the sub-barrier fusion of weakly bound nuclei differs from fusion of ordinary ones.
NEUTRON REARRANGEMENT WITH POSITIVE Q-VALUE
As mentioned above, for some combinations of nuclei neutron transfers with positive Q-value are possible. It is rather difficult (if possible at all) to use the standard CC method for description of the processes of neutron transfer in fusion reactions (also due to impossibility of a choice of a complete set of the orthogonal basic functions for a decomposition of the total wave function). In Ref. [13] it was shown that a gain in energy obtained due to such intermediate neutron rearrangement may significantly increase the sub-barrier fusion probability for these nuclei, and a semi-empirical model was proposed for calculation of the corresponding cross sections. The fusion cross section may be estimated rather accurately using the concept of so-called "barrier distribution function", f (B), arising due to the multi-dimensional character of the real nucleusnucleus interaction. The quantum penetrability of the Coulomb barrier is calculated here in the following way: T (E, l) = f (B)P 0 (B; E, l)dB, where P 0 (B; E, l) is the penetration probability of one-dimensional barrier (of the height B) at a given center-of-mass energy E and angular momentum l. P 0 may be approximated, for example, by the usual HillWheeler formula [14] .
The barrier distribution function f (B), which satisfies the normalization condition f (B)dB = 1, may be calculated within the consistent CC model [15, 16] using experimental properties of low lying collective excited states of the nuclei. It may be also approximated basing on the multi-dimensional nucleus-nucleus interaction V 12 (r; β 1 , θ 1 , β 2 , θ 2 ), where β = {β λ } are the deformation parameters of the projectile and target (λ = 2, 3, ...) and θ i=1,2 are the orientations of statically deformed nuclei. The following expression can be used as the simplest approximation for the barrier distribution function [17] 
where
In the case of spherical colliding nuclei B 1 is the height of the barrier at zero dynamic deformation and B 2 is the height of the saddle point (B 2 = V 12 (r; β sd 1 , β sd 2 ) < B 1 ) calculated with realistic vibration properties of the nuclei (i.e. with the surface rigidities obtained from the experimental values of the excited vibrational states). For statically deformed nuclei B 1 and B 2 are the heights of the Coulomb barriers calculated for the "side-by-side" and "nose-to-nose" orientations, correspondingly. N(∆ 1 , ∆ 2 ) is the normalization coefficient and ∆ 2 = (B 1 − B 2 )/2. Experiments and the theoretical analysis show that for heavy nuclear systems the value of ∆ 1 is, as a rule, less than the value of ∆ 2 by 1 or 2 MeV.
Let us assume now that beside the intermediate excitations of collective states (taken into account by the barrier distribution function, f (B)) in the course of fusion process an intermediate neutron transfer (neutron rearrangement) may also occur. If such rearrangement takes place at relatively large distances, before nuclei reach the Coulomb barrier (see below), then the incoming flux penetrates the multi-dimensional barrier in the different neutron transfer channels. Denote by α k (E, l, Q) the probability for the transfer of k neutrons at the center-of-mass energy E and relative motion angular momentum l in the entrance channel to the final state with Q ≤ Q 0 (k), where Q 0 (k) is a Q-value for the ground state to ground state transfer reaction. Then the total penetration probability may be written as
is the normalization constant and α 0 = δ (Q) (fusion without neutron transfer). A semiclassical approximation may be used to estimate roughly the neutron transfer probability. Assuming predominance of sequential neutron transfer mechanism, which means multiplication of transfer probabilities, one get α k (E, l, Q) ∼ e −2ξ D(E,l) , where D(E, l) is the distance of closest approach of the two nuclei and ξ = ξ (ε 1 )+ξ (ε 2 )+...+ ξ (ε k ) for sequential transfer of k neutrons, ξ (ε i ) = 2µ n ε i /h 2 and ε i is the separation energy of the i-th transferred neutron. Experiments show that the transfer probability becomes very close to unity at a short distance between the two nuclei, when their surfaces are rather overlapped. Denote this distance by
2 ), parameter d 0 has the value of about 1.40 fm. In heavy ion few-neutron transfer reactions the final states with Q opt ≈ 0 are populated with largest probability due to mismatch of incoming and outgoing waves. The Q-window may be approximated by the Gaussian [18] , where µ 12 is the reduced mass of the two nuclei. Finally, the transfer probability may be estimated in the following way
From Eq. (2), one can see that in reactions with negative values of all Q 0 (k) there is no additional enhancement of the total penetration probability of the Coulomb barrier T (E, l) due to the neutron transfer in the entrance channel, because the "partial" penetration probability P 0 (B; E + Q, l) becomes smaller for negative Q-values. It means that neutron transfers with zero and/or negative Q-values (most probable processes) play their role but cannot enhance the penetration probability. If, however, Q 0 (k) are positive for some channels, in spite of the lower transfer probability to the states with positive Q-values as compared to Q = 0, the penetration probability may significantly increase due to a gain in the relative motion energy in the channels with Q > 0. In other words, an intermediate neutron transfer to the states with Q > 0 is, in a certain sense, an "energy lift" for the two interacting nuclei.
At first sight, this interpretation looks quite different from the well-known fusion enhancement due to surface vibrations or rotation of nuclei leading to decrease of potential barrier in some channels. However, if we consider the potential energy of the two interacting nuclei as a function of a number of transferred neutrons, ∆N (in addition to other variables), then we will find that the height of the Coulomb barrier for some ∆N = 0 is really lower than in the entrance channel (∆N = 0) for those nuclear combinations in which neutron transfer with positive Q-value is possible. Thus, we may also interpret this effect in the usual way as a lowering of the Coulomb barrier due to channel coupling (see the next Section).
In Fig. 1 the sub-barrier fusion cross sections are shown for different combinations of colliding nuclei: 18 O+ 58 Ni (Q 0 (1n)=+0.96 MeV, Q 0 (2n)=+8.2 MeV) compared with 16 O+ 60 Ni (all Q 0 (k) < 0), 40 Ca+ 48 Ca (Q 0 (2n)=+2.6 MeV, Q 0 (4n)=+3.9 MeV) compared with 48 Ca+ 48 Ca (all Q 0 (k) < 0), and 40 Ca+ 96 Zr (Q 0 (1n)=+0.5 MeV, Q 0 (2n)=+5.5 MeV, Q 0 (3n)=+5.2 MeV, Q 0 (4n)=+9.6 MeV) compared with 40 Ca+ 90 Zr (all Q 0 (k) < 0). One can see that the sub-barrier fusion probabilities are much higher for the combinations of nuclei where a rearrangement of neutrons with positive Q-values is possible. Moreover, for such combinations the standard CC approach cannot properly describe experimental data by any reasonable variation of parameters, whereas for other combinations this method demonstrates very nice agreement with experiment. Additional fusion enhancement here is reproduced quite well if we assume the intermediate rearrangement of valence neutrons and apply Eqs. (2) and (3) for a calculation of the cross sections (see Fig. 1 ).
It is clear that much stronger effect from the neutron transfer with positive Q-values one may expect in fusion reactions of radioactive weakly bound projectiles with stable target nuclei. To avoid additional ambiguities (see above) one may propose to measure the EvR cross sections for reactions, in which the same compound nucleus is formed, such as 6 He+A→C and 4 He+(A-2)→C, for example. In that case any difference in the EvR cross sections may originate only from the difference in the entrance channels of the two reactions. The promising reactions of such type are 6 Of course, as mentioned above, the probability for neutron transfer to the ground states are rather small, but the total possible gain in energy is very high as compared with the height of the Coulomb barrier (which is about 20 MeV) and has to reveal itself in the fusion probability of 6 He compared to 4 He. A schematic picture of the described "sequential fusion" mechanism in sub-barrier collision of 6 He with 206 Pb is shown in Fig. 2 taken from [21] . When the colliding nuclei approach, two neutrons may be transferred from 6 He to the ground and low lying states of 208 Pb with a small, but not negligible probability. In that case, the charged core finds itself with kinetic energy well above the Coulomb barrier and may easily fuse with the target.
The experiment on fusion of 6 He with 206 Pb target was proposed first in Ref. [13] , where the yield of Po isotopes was predicted several orders of magnitude (!) higher as compared with the 4 He+ 208 Pb fusion reaction (see Fig. 3 ). Recently at JINR (Dubna) the corresponding experiment has been performed [23] which completely confirmed our expectations. The activation method was used in this experiment in which a stack of six 206 Pb targets, each 600-700 µg/cm 2 thick, with 20-µm Al foils inserted in between so as to reduce the beam energy from 23 to 13 MeV, was irradiated giving the six data points shown in Fig. 3 . Unfortunately this method gives rather large energy spread of the 6 He beam. As can be seen from Fig. 3 , at sub-barrier energies the fusion cross section is falling exponentially and the energy spread may distort significantly the experimental data. To estimate this effect we averaged the calculated cross sections for 2n channel (solid curve in Fig. 3 ) over the beam spread assuming its gaussian distribution with the width of 3 MeV. The result is shown by the long-dashed curve in Fig. 3 . Indeed, at the beam energy of 12.5 MeV this effect increases the cross section almost by 2 orders of magnitude. Thus new experiments are desirable to measure the fusion cross sections in this region more accurately. Anyhow, as can be seen, at deep sub-barrier energies the bare fusion probability of 6 He with lead target is much larger (about 1000 times at 15 MeV) as compared to the fusion of 4 He. Cross sections for the production of Po isotopes in the 6 He+ 206 Pb (solid curves) and 4 He+ 208 Pb (short dashed curves) fusion reactions calculated in Ref. [13] . Open circles show experimental yield of 211 Po in the 4 He+ 208 Pb fusion reaction [22] (1n channel). Solid squares are the cross sections for production of 210 Po in the 6 He+ 206 Pb fusion reaction (2n channel) measured recently in Dubna [23] . Long dashed curve includes the effect of the energy spread of the 6 He beam for the calculated 2n cross section. Arrows at the energy axis show the corresponding Coulomb barriers for 6 He (left) and 4 He (right) which are very close to each other.
MICROSCOPIC ANALYSIS
In spite of rather good agreement with experimental data of the cross sections obtained within the semi-empirical approach of "sequential fusion" with intermediate neutron rearrangement [13] , we need to study this problem more carefully on a microscopic basis to understand better the role of valence neutrons in fusion process (also to prove the used semi-empirical method). Thereto we studied the process of sub-barrier fusion within a three-body quantum model (two fusing nuclear cores plus a valence neutron) solving the time dependent Schrödinger equation [24] . We tried to find clear answers on the two questions. (1) What happens with valence neutrons when nuclei approach each other? (2) What is an influence of rearrangement of valence neutrons on fusion of nuclei?
To answer the first question we solved numerically the time dependent Schrödinger equation
to find evolution of the valence neutron's wave function Ψ(r 3 ,t) in the field of the two heavy cores moving along the classical trajectories r 1 (t) and r 2 (t), V n (r 3 ; r 1 ,
In Fig. 4 the probability density |Ψ(r 3 ,t)| 2 is shown for a valence neutron initially located in the 2d 5 2 state of 96 Zr approaching 40 Ca nucleus at near-barrier center-of mass energy E = 97 MeV. The probability for neutron transfer can be estimated by integration of the wave function over the volume of nucleus-acceptor
where the volume ω ≡ {z 1 − z 3 < (R + R 1 − R 2 )/2, |r 3 − r 1 | < R 1 + ∆r} and ∆r ∼ 2 fm. Dependence of the neutron transfer probability on distance between two nuclei is also shown in Fig. 4 . Thus, we may conclude that spreading of the valence neutron's wave function into the volume of other nucleus takes place before touching of these nuclei and even before the colliding nuclei overcome the Coulomb barrier. Among other things this proves the idea of "sequential fusion" mechanism [13] 
where r 
where r A = (m 2 r 2 + m 3 r 3 )/(m 2 + m 3 ). Two-center single particle neutron levels ε α (R) (quasi-molecular states) are shown in Fig. 5 for collision of 96 Zr and 40 Ca. At deep penetration of the nuclei (R < R cont ) ε α (R) go up due to reduce of the nuclear volume (diabatic repulsion). However, at the barrier region some of them may go down consequently decreasing the channel adiabatic potential energy V αα (R) = V 12 (R) + ε α (R) − ε α (∞). Transfer of the valence neutron from its initial state α to unoccupied state β also changes the channel potential energy: V αβ (R) = V 12 (R) + ε β (R) − ε α (∞). The corresponding occupation probability of the
